Recombination dynamics of a localized exciton bound at basal stacking faults within the m-plane ZnO film We investigated the carrier dynamics near basal stacking faults (BSFs) in m-plane ZnO epitaxial film. The behaviors of the type-II quantum wells related to the BSFs are verified through timeresolved and time-integrated photoluminescence. The decay time of the emission of BSFs is observed to have a higher power law value and longer decay time than the emission of the donorbound excitons. The spectral-dependent decay times reveal a phenomenon of carriers migrating among band tail states, which are related to the spatial distribution of the type-II quantum wells formed by the BSFs. A high density of excited carriers leads to a band bending effect, which in turn causes a blue-shift of the emission peak of BSFs with a broadened distribution of band tail states. ZnO, a wide direct band gap material, has attracted much attention due to its potential for applications in ultraviolet photonic devices. [1] [2] [3] [4] The presence of the built-in electric field in c-plane-grown ZnO reduces the emission efficiency. To avoid this problem, much research has been focused on the growth of non-polar (a-or m-planes) ZnO epitaxial films. Since ZnO substrates are very rare and expensive, other foreign substrates, such as sapphire, SiC, and LaAlO 3 , are the most commonly used substrates to grow nonpolar ZnO and related alloys. Therefore, this heteroepitaxy results in the generation of a high density of structural defects, such as dislocations and stacking faults. The heteroepitaxial non-polar epitaxial films suffer from a high density of basal stacking faults (BSFs). From the viewpoint of crystal growth, defects such as BSFs should be eliminated or at least significantly reduced. Several growth methods have been proposed to reduce the density of BSFs in ZnO and IIINitride materials. 5 In contrast, some of these defects have exposed unusual properties, which have potential to be employed in particular applications. Interestingly, BSFs exhibiting optical activity strongly influence the luminescence properties of the materials with wurtzite structure such as GaN and ZnO. [6] [7] [8] [9] [10] Through ab initio calculations, the BSF is predicted to have the zinc-blend (ZB) lattice structure embedded in the wurtzite (WZ) ZnO matrix, which forms a type-II quantum well (QW). 11 Besides possible applications as lighting devices, the type-II QW structures in semiconductor materials are promising for photovoltaic devices as a result of their spatial separation of photoexcited electrons and holes. 12, 13 Consequently, this ZnO-based spontaneously formed type-II QW system has become alternatively important. Although it is essential to understand the luminescence mechanism and to investigate the photoexcited carrier dynamics, published reports on the experimental aspects of the carrier dynamic properties of this material system have been limited up to now. In this article, we present a detailed emission mechanism of the BSFs in the m-plane ZnO layers. We report on some peculiar behaviors such as S-shaped peak shifting due to the composition fluctuation and the migration of photoexcited carriers among the band tail states. The high density of electrons accumulated at the interface between the potential well and barrier result in a band bending effect that broadens the distribution of these energy levels and decreases the decay times.
An epitaxial m-plane ZnO layer with a thickness of 130 nm was grown on m-plane sapphire substrates by the atomic layer deposition (ALD) method (for details, see Ref. 14) . The TEM results show that BSFs are the predominant defect with a density of $10 6 cm
À1
. For the transient photoluminescence (PL) measurements, the excitation from the third harmonic (k exc ¼ 266 nm) of a Ti:sapphire femtosecond pulsed laser (pulse width 150 fs) with the repetition rate of 76 MHz was employed, and the laser spot was focused down to about 1 lm. The time-resolved PL (TR-PL) signal was detected by a UV-sensitive Hamamatsu streak camera with a temporal resolution better than 20 ps.
The low-temperature time-integrated PL (TI-PL) spectra of the sample with different excitation powers are shown in Figure 1 (a). The dominating emission at 3.32 eV results from the BSFs, and the emission centered at 3.37 eV is attributed to the near-band-edge (NBE) emission bands consisting of the donor-bound exciton (D 0 X) and the free exciton (FX). 7 The D o X emission has a rather broad width (FWHM $ 22 meV) as compared with those of the pulsed-laser-deposition-grown ZnO films (FWHM $ 10 meV and typical 9-15 meV). 15, 16 Some of the literature [17] [18] [19] high-quality ZnO thin film, with a line width of less than 5 meV. Compared to these reported results, the rather large line width and short lifetime of the D o X emission in this paper could be due, we believe, to defects such as Zinc vacancy and/or BSFs, which may have enhanced the non-radiative transition from the D o X. The energy peak of the BSF emission reveals a blueshift from 3.319 to 3.322 eV as the excitation power is increased, and the peak energy as a function of the excitation power is shown in Figure 1 (b). In type-II heterostructures of other material systems, a blueshift of the peak energy due to excitation power increment has been reported. 20, 21 In our case, the electrons and holes are spatially separated in different regions; that is, the electrons are confined in the ZB structure of the ZnO layer, and the holes are localized in the WZ structure of the ZnO layer. The well width formed by BSFs is 0.8 nm (exactly 1.5 times that of the c-axis lattice constant) 9 less than the exciton Bohr radius of 2.3 nm, which leads to the zero Stokes-shift that originated from the screening effect. 22, 23 Therefore, the blueshift for increasing excitation power may not be a result of screening the electric fields. Such spatial separation between electrons and holes leads to an electric field, which gives rise to the bending of the valence and conduction band. The electrons and holes accumulated at the interface result in the formation of the potential well, which can be treated as approximately triangular. Thus, the electron quantization energy is expected to be proportional to the third root of the excitation power. 24 As shown in Figure 1(b) , the PL peak position energy can be fitted well by the third root of the excitation power, which indicates that the blueshift indeed originates from the recombination in the type-II QWs. 25, 26 In Figure 1 (c), the energy peak of the BSF emission (marked by solid black circles) has a peculiar shift with raising temperature: the peak energy as a function of the temperature is shown in Figure 1 (d) and termed as a "S-shape behavior," which is attributed to the localization effect observed on the excited carriers in the QWs. 27 The S-shape behavior can be explained by band filling in the tails of the density-of-states (DOS), which implies that band tail states exist in the m-plane ZnO thin film. The model assumes that there are a certain amount of trap states forming the band tails with the DOS of Gaussian distribution, and the temperature-dependent peak energy is given by
where E 0 is the transition energy determined by the centers of the DOS Gaussian distributions of the electrons in the band tail and the holes in the valance band, and r 2 =k B T is the Stokes-type redshift, and where r is the dispersion of the Gaussian of the band tail, which is correlated to the localization energy. The quantity E 0 relates to the band gap described by Varshni's equation; therefore, the temperaturedependent equation of the peak energy can be described as
From the fitting of the S-shaped curve of the BSF peak energy as a function of the temperature to Eq. (3) (see Fig. 1(d) ), the parameter values of E 0 ð0Þ % 3.334 eV, a % 1.02 meV, b % 920 K, and r % 7.04 meV are obtained. Figure 1(d), the peak energy of the FX transition as a function of temperature is fitted to Varshni's formula, which is shown as a red dashed line and determines the transition energy at 0 K to be about 3.375 eV. The FX tends to be bound by a donor to form D o X below 100 K, which is consistent with previous observations. 29 To confirm this assumption, we performed TR-PL measurements. In Figure 2 (a), the TR-PL spectra at a temperature of 5 K are monitored after a pulsed excitation. With increasing time after the pulse, the BSF emission band shows a redshift from 3.322 to 3.315 eV, while the NBE emission band remains at about 3.362 eV. Such an observed behavior is a typical feature for a relaxation process of the BSF-bound electrons in the band tail states. 30 To determine the average decay times of the BSF and NBE emission bands, the decay curves are plotted in Figure 2(b) . The decay curve of the BSF (NBE) emission band is obtained by integrating the intensity in the energy range from 3.280 to 3.345 eV (from 3.345 to 3.397 eV). Each decay curve is fitted by a bi-exponential function: IðtÞ ¼ A 1 expðÀt=s 1 Þ þ A 2 expðÀt=s 2 Þ. For the NBE emission, the decay times are determined to be s 1 % 52 ps, s 2 % 250 ps, and the ratio of A 1 =A 2 is about 8.3, which means that s 1 is the decay time of the NBE in which the D o X transition dominates. The decay time of the NBE band agrees with the reported lifetime of D o X, and s 2 is the decay time resulting from the free exciton transition. 31, 32 For the BSF emission, the decay times are s 1 % 55 ps and s 2 % 450 ps. Corfdir et al. reported the decay curves of the emissions in BSFs of the GaN a-plane films. 33 They found that bi-exponential decay curves only occur in the region of the BSFs bundles. The origin of the shorter decay time s 1 is attributed to the complex overlapping of electron and hole wave function in the different distributions of inter-BSF distances. The longer decay time s 2 is due to the radiative recombination of the BSF-bound electrons with the holes in the W-ZnO. 26 Using the rate equation analysis, 34 the rate equations of the transitions of FX-to-D 0 X and FX-to-BSF could be written as follows:
where n FE is the density of the free excitons, s FE is the lifetime of the free exciton, and the constants s FE!DX and s FE!BSF are the lifetimes of the capture transitions of FX-to-D 0 X and FX-to-BSF, respectively. In the steady state, the dn DX =dt and dn BSF =dt in the rate equations are zero. Besides, the intensities of FX, D 0 X, and BSF are presented as I FE ¼ n FE =s FE , I DX ¼ n DX =s DX , and I BSF ¼ n BSF =s BSF . Therefore, we could obtain the lifetimes of the capture transitions of FXto-D 0 X (s FE!DX ) and FX-to-BSF (s FE!BSF ) from Eqs. (3) and (4) 
Based on the PL results, the intensity ratio of D 0 X to FE is about 8.3 and the lifetime of the FX is $250 ps. Therefore, the value of s FE!DX can be roughly estimated to be about 6 ps. Similarly, the intensity ratio of BSF to FX is about 1.67 Â 10 4 , so the value of s FE!BSF can be roughly estimated to be 15 fs.
To gain more information on the details of the band tails, spectrally dependent decay times are plotted. In Figure  3 , the PL decay times at different monitored emission energies are plotted together with the corresponding TI-PL spectra (solid curves). The decay times of the BSF emission gradually increase with decreasing emission energy, while the NBE emission appears to have fixed decay times of the D o X transition for an excitation power of 100 lW in Figure  3(a) . Such a significant difference implies that carriers migrating among band tail states will occur for the BSFs. In the energy range of the BSF emission band, the density of band tail states is estimated to follow expðÀE=E o Þ, and the radiative recombination time s r as a constant does not vary with altered emission energies. The decay time sðEÞ can be expressed as 30, 35 s
where E me is the characteristic energy, which plays a role analogous to that of a mobility edge, and the inverse value of the radiative recombination time corresponds to the transfer rate for electrons from the band tail states to the valance band. The parameter E o represents the characteristic energy of the density distribution of the band tail states, which also plays a role analogous to the depth of the band tail state. 31, 36 Spectrally dependent decay time curves with excitation powers from 10 to 1020 lW at 5 K (not shown here) reveal an ambiguous cross at $3.33 eV. This observation implies that the value of E me is consistent with 3.33 eV, evaluated from Eq. (4). For the case of an excitation laser power of 100 lW, the best fits in Figure 3 (a) are s r ¼ 758 ps, E me ¼ 3.33 eV, and E 0 ¼ 18 meV. As the temperature is raised to 90 K, the curve of the decay times versus the monitored photon energy (in Fig. 3 for an excitation power of 10 lW (1020 lW). The band profile of the QWs structure grown along the polar axis should be tilted by the internal electric field that leads to QWs of triangular shape, which is in agreement with the results of power-dependent TI-PL. Therefore, a high density of excited carriers is produced by the high excitation power, and they accumulate at the interface between the potential well and barrier due to the Coulomb attraction, which results in a band bending effect that raises the electron quantization energy as mentioned above and enhances the overlap of the wave functions of the electron and the hole. Such an enhancement of the wave function overlap is in agreement with the decrease of the radiative recombination time s r at high excitation power in Figure 3(d) . Besides, the electron quantization energy level increases, which means an increased separation between the energy levels among the band tails states followed by a broadening of the distribution. This fact raises the value of E o , as observed in Figure 3(d) .
The separation between the energy levels among the band tail states is also considered to increase with high excitation laser power due to the band bending effect, which results in a high density of photon-excited carriers.
In conclusion, we have studied BSFs-related localized carrier recombination dynamics in the m-plane ZnO epitaxial films. The randomly distributed type-II QWs are formed by the high density of BSFs in the ZnO materials, leading to a wave function coupling between the BSF-bound electrons. By TI-PL and TR-PL measurements, which represent the carrier dynamics in the BSFs, reveal the migration behavior of the BSF-bound excitons in the band tails states. High excitation laser power leads to a band bending effect, which in turn broadens the distribution of the band tail states, and subsequently increases the depth of the distribution as well as causing an energy shift of the emission band due to the type-II QWs. 
